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Mitochondria occupy ϳ30% of cardiomyocyte volume and produce over 90% of ATP. Therefore, preservation of the functional and structural integrity of mitochondria is essential for successful cardioprotection and myocardial tolerance to I/R stress.
One mechanism that may enhance myocardial tolerance to I/R stress and improve cardioprotection is the modulation of the mitochondrial electrochemical gradient by mitochondrial uncoupling proteins (UCPs) (5, 27, 32, 36, 37) . Specifically, it has been suggested that mild to moderate mitochondrial uncoupling by the small reversible H ϩ leak mediated by UCPs is protective against cellular I/R injury by reducing ROS generation (5, 37) . Pharmacological uncoupling has been shown to improve postischemic function in the isolated perfused heart (8, 32) . Furthermore, overexpression of UCPs in cardiomyocytes was found to prevent cell death by preserving mitochondrial function and structure during oxidative stress (5, 37) . However, it is not known whether UCPs play a role in maintaining cardiac function and preventing myocardial damage in intact heart in the setting of in vivo and ex vivo I/R stress.
As members of the superfamily of anion carrier proteins, UCPs are located in the mitochondrial inner membrane and regulate proton leak (23) . UCP1 was the first UCP to be characterized in brown adipocytes and is responsible for nonshivering thermogenesis. UCP2 and UCP3 were later identified in various tissues, including heart, but appear to play no significant role in thermogenesis, despite sharing sequence homology with UCP1 (4, 23, 12) . Previous studies showed that UCP3 is downregulated in the nonischemic failing heart and upregulated in the viable myocardium of chronically infarcted hearts (9, 31, 34) . Also, increased cardiac UCP3 expression was found with diabetes, fasting, increased fatty acid provision, and thyroid hormone treatment (10, 23) . This suggests a possible role of UCP3 in the response to oxidative or metabolic stress in the heart. Accordingly, stable transfection of UCP1 was found to confer resistance to hypoxia/reoxygenation in cardiomyocytes, and expression of UCP1 in the mouse heart was protective against I/R injury with regulation of oxidative stress (5, 17) . Moreover, UCP2 and UCP3 were shown to augment cardiomyocyte tolerance to anoxia/reperfusion injury and oxidative stress (27, 37) . The ischemic preconditioning (IPC) cell survival program was thought to be involved in this process.
Although IPC is shown to be one of the most powerful and reproducible cardioprotective interventions that limit infarct size with reduced cardiomyocyte necrosis and apoptosis, the exact mechanism of IPC remains unclear (6, 7) . Mild H ϩ leak during brief and longer episodes of I/R by UCPs may regulate ionic homeostasis, ROS generation, and ATP production that may result in the IPC phenomenon.
Based on these findings, we hypothesized that UCPs, particularly UCP3, play a critical role in both cardioprotection against I/R injury and induction of IPC by regulating mitochondrial ionic homeostasis, ATP, and ROS generation. UCPs may prevent myocardial necrosis and lethal arrhythmias in oxidative stress by preserving mitochondrial functional and structural integrity. To test these hypotheses, we assessed the effects of loss of cardiac UCP3 function using ex vivo and in vivo models of I/R injury and IPC in the present studies.
METHODS
The research protocol and the experimental procedures were reviewed and approved by the Yale University Animal Care and Use Committee. All experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (National Institutes of Health publication no. 1996) .
Animals. Ten-to 12-wk-old male mice were used in this study. Mice (C57BL/6) overexpressing UCP2 and UCP3 (hUCP2/3) and UCP2 Ϫ/Ϫ have been previously characterized (19) . Swiss black UCP3
Ϫ/Ϫ transgenic mice were generously provided by Dr. Toren Finkle from the National Institutes of Health (29) . Wild-type (WT) mice were of the same strain as the corresponding transgenic mice. During experimental procedures, mice were anesthetized by using 50 -100 mg/kg ip pentobarbital sodium and/or 0.5-2.5% isoflurane for deep anesthesia or termination. The adequacy of anesthesia was continuously monitored by the response to painful stimuli such as toe pinch, heart rate, respiratory rate, and electrocardiogram. To maintain optimal anesthesia during the procedure, isoflurane dose was adjusted, and additional doses of pentobarbital were given as needed. All experiments were terminal, and therefore no postoperative analgesics were required.
Ex vivo assessment of I/R injury. After attaining optimal anesthesia with injection of 100 mg/kg ip pentobarbital sodium, hearts were rapidly excised following anterior thoracotomy and arrested in icecold Krebs-Henseleit (KH) buffer containing 7 mmol/l glucose, 0.4 mmol/l oleate, 1% BSA, and 10 U/ml insulin. A left-ventricular balloon was inflated to achieve a diastolic pressure of 5 mmHg during baseline perfusion, and its volume was kept constant during the experiment. As previously described, isolated mouse hearts were retrogradely perfused with KH buffer and subjected to I/R injury (30 min of either low-flow or no-flow ischemia followed by reperfusion for 30 min) (28, 35) . Developed pressure and heart rate were continuously monitored. Hearts were freeze-clamped in liquid nitrogen at the end of the experiment. IPC was induced by three cycles of 4 min of no-flow ischemia followed with 4 min of reperfusion before 30 min of ischemia and 30 min of reperfusion. Pharmacological uncoupling was induced in UCP3 Ϫ/Ϫ mouse hearts by perfusing hearts for 5 min with 100 nM carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone (FCCP).
In vivo assessment of I/R injury. Open-chest left coronary artery (LCA) ligation technique was used to induce I/R injury following induction with 50 mg/kg ip pentobarbital sodium and maintaining deep anesthesia as described above (28) . All transgenic and WT mice were intubated and ventilated with a small rodent ventilator (Harvard Apparatus, Holliston, MA). The core temperature was maintained at 37°C with a heating pad. A left side thoracotomy was performed. The LCA was ligated with an 8 -0 nylon suture, and the heart was subjected to 20 min of ischemia. Next, 2 h of reperfusion were maintained after removing the suture. Continuous monitoring of electrocardiograms confirmed ischemic ST-segment elevation during coronary occlusion (AD Instruments). Following I/R, blood samples were collected, and the heart was then excised. The serum troponin I was determined by enzyme-linked immunosorbent assay (ELISA). Infarct area (IA) and area at risk (AAR) were assessed with triphenyltetrazolium chloride and Evans blue staining, as described previously (28) . Hearts were fixed and sectioned into 1-mm slices. Tissues were photographed using a Leica microscope. The National Institutes of Health Image J software was used for quantification. Also, the hearts were freeze-clamped in liquid nitrogen at the end of I/R without staining after some of the experiments. The frozen tissue samples were used for various biochemical analyses, including nucleotide profile and ROS measurements.
Heart rhythm analysis. Continuous electrocardiographic monitoring (Powerlab; ADInstruments) was performed during in vivo myocardial I/R with LCA ligation. Heart rate and rhythm were analyzed throughout the experiment. The incidence and type of arrhythmias, including atrioventricular block, premature ventricular contraction, and ventricular arrhythmias, were evaluated during I/R based on limb lead recordings.
Imaging. In vivo left ventricular (LV) systolic function and structure were evaluated by echocardiography (45-MHz probe; VisualSonics Vevo 770, Toronto, Canada) while animals were under light anesthesia (0.5-1% isoflurane). Two-dimensionally guided M-mode images of the LV were acquired in the long and short axes to assess LV cavity dimensions, anterior and posterior wall thicknesses, and fractional shortening. Some hearts were fixed in paraformaldehyde and then embedded in paraffin. Samples were cut into thin sections and stained with hematoxylin-eosin or Masson's trichrome stain. Myocardial morphology and ultrastructure were examined from photomicrographs (Microphot-FXA; Nikon).
Myocardial nucleotide profile and ROS measurement. Hearts were rapidly excised and freeze-clamped in liquid nitrogen following I/R stress. The adenine nucleotide content of perchloric acid extracts of myocardial tissue was measured by high-performance liquid chromatography (Waters 510, Milford, MA) (5, 33). Lucigenin-derived chemiluminescence (LDCL) was used for assessment of ROS in myocardial tissue extracts. LDCL quantifies superoxide anion (O 2 Ϫ ), which generated from mitochondrial inner membrane in the mitochondrial respiratory chain (14, 24) . LDCL of heart homogenate (100 g protein) was measured using a luminometer after 15 min of incubation in the presence of 75 M lucigenin (24) . Also, generation of another mitochondrial ROS, hydrogen peroxide (H2O2), was measured by using 2,7-dichlorofluorescein (DCF) diacetate fluorescence. Myocardial tissue (100 g protein) was incubated with 100 M DCF, and the fluorescence was measured by a multiplate reader at 480 nm excitation and 530 nm emission as defined previously (5, 33) .
Chemicals. All chemicals were obtained from Sigma and Fisher Scientific. The ELISA kit for specific mouse troponin I measurement was purchased from Life Diagnostics (West Chester, PA). FCCP was dissolved in dimethyl sulfoxide (DMSO). The concentration of DMSO within the KH buffer was kept under 0.05%. The control experiments were performed with corresponding DMSO concentration.
Statistical analysis. Data are presented as means Ϯ SE, and n represents the number of animals used for experiments. Comparisons between groups were performed by the Student's t-test or ANOVA with the Student-Newman-Keuls post hoc correction. Categorical data were analyzed by the chi-squared test. A value of P Ͻ 0.05 was considered statistically significant.
RESULTS

Loss of UCP3 results in decreased left ventricular contractile function ex vivo following I/R.
The transgenic mice with overexpression of UCP2/3 or deletion of UCP2 (UCP2 Ϫ/Ϫ ) or UCP3 (UCP3 Ϫ/Ϫ ) hearts were subjected to ex vivo I/R injury to evaluate the LV function. Isolated perfused hUCP2/3 hearts (n ϭ 6) had a twofold greater recovery of function compared with WT hearts (n ϭ 6) following I/R (Fig. 1A) . Because of the potential confounding effects of UCP overexpression on mitochondrial function (11, 36) , hearts from mice with germline deletion of UCP2 (UCP2 Ϫ/Ϫ ) or UCP3 (UCP3
) were subjected to perfusion using the I/R protocol. There were no significant differences in baseline LV function in either UCP2
Ϫ/Ϫ or UCP3 Ϫ/Ϫ hearts compared with their respective WT counterparts (n ϭ 6 in each group, Fig. 1A ). Furthermore, LV contractile function decreased to a similar extent during ischemia in WT hearts and UCP2 Ϫ/Ϫ or UCP3 Ϫ/Ϫ hearts. During reperfusion, WT and UCP2 Ϫ/Ϫ hearts had similar degrees of recovery of function, suggesting that UCP2 is not essential for cardioprotection against I/R injury in the mouse heart (Fig. 1A) . In contrast, postischemic LV contractile function was 50% lower in UCP3 Ϫ/Ϫ hearts compared with WT hearts (WT: 14,230 Ϯ 1,377 mmHg/min, UCP3 Ϫ/Ϫ : 6,970 Ϯ 1,885 mmHg/min; Fig. 1A ). This demonstrated that UCP3 has an important role in myocardium during I/R stress, and therefore UCP3
Ϫ/Ϫ mice were used for further experiments.
Structural evaluation of UCP3
Ϫ/Ϫ hearts. Cardiac function and morphology were evaluated in UCP3 Ϫ/Ϫ and WT animals to exclude possible baseline differences contributing to the poorer postischemic functional recovery. Chamber cavity size, wall thickness, and LV systolic function were similar in both groups (Fig. 1B) based on echocardiographic analysis. Cross sections of myocardial tissue at the midventricular level demonstrated similar structural morphology and confirmed the echocardiographic findings (Fig. 1C) . Examination of hematoxylin-and eosin-stained specimens revealed preserved myocardial architecture (Fig. 1C) . Thus, there was no significant baseline morphological difference between UCP3 Ϫ/Ϫ and WT hearts.
Increased vulnerability to I/R injury in UCP3
Ϫ/Ϫ hearts in vivo. In vivo I/R injury was produced by LCA ligation in WT and UCP3
Ϫ/Ϫ animals to confirm the critical role of UCP3 in the response of I/R stress in the heart. Marked ST-segment elevation, an indicator of effective LCA ligation and injury in the LCA territory, was observed during 20 min of ischemia in all mice, which improved during reperfusion ( Fig. 2A) . The IA was two times as large in UCP3 Ϫ/Ϫ hearts than in WT hearts following I/R (35.8 Ϯ 2.3% of the LV vs. 18.4 Ϯ 1.8% of the LV, n ϭ 7-8, P Ͻ 0.05; Fig. 2B ), whereas the AAR was comparable in the two groups (WT: 63 Ϯ 1% of the LV, UCP3 Ϫ/Ϫ : 59 Ϯ 4% of the LV, P Ͼ 0.05; Fig. 2C ). Accordingly, there was a significant difference in the IA to AAR ratio (WT: 30.6 Ϯ 1.5%, UCP3 Ϫ/Ϫ : 54.7 Ϯ 2.4%, P Ͻ 0.05; Fig.  2D ). In parallel with the infarct size, UCP3
Ϫ/Ϫ hearts released significantly greater amounts of troponin I at the end of ischemia (159 Ϯ 46 ng/ml, n ϭ 5) and at the end of 2 h of reperfusion (535 Ϯ 107 ng/ml, n ϭ 8) compared with WT hearts (32 Ϯ 3 ng/ml during ischemia and 206 Ϯ 34 ng/ml during I/R, n ϭ 4 -9, P Ͻ 0.05; Fig. 2E ). In the absence of injury, both groups had similar serum troponin I concentrations (0.59 Ϯ 0.21 vs. 0.37 Ϯ 0.09 ng/ml, n ϭ 6 -7, P Ͼ 0.05).
I/R arrhythmias in UCP3 Ϫ/Ϫ hearts in vivo. The incidence of I/R arrhythmias was higher in UCP3 Ϫ/Ϫ (47%, 8 out of 17 mice) compared with WT (21%, 3 out of 14 mice; P ϭ 0.0689; Ϫ/Ϫ , 0/14 in WT) also occurred (Fig. 3A) . The heart rate response to I/R stress was blunted in UCP3 Ϫ/Ϫ mice (382 Ϯ 9 to 403 Ϯ 13 beats/min, not significant), but the heart rate increased in WT mice in response to I/R (406 Ϯ 8 to 436 Ϯ 10 beats/min, P Ͻ 0.05; Fig.  3B ). Thus, UCP3
Ϫ/Ϫ hearts are more susceptible to I/R arrhythmias in association with impaired impulse conduction and formation.
Mechanisms of UCP3-mediated myopreservation in I/R include maintenance of myocardial energetics and modulation of ROS generation. Because mitochondrial ATP production is essential for cell integrity and survival and sensitive to stress conditions, myocardial adenine nucleotide content was measured following in vivo I/R injury with LCA ligation. Immediately after 20 min of ischemia, the myocardial content of ATP was significantly reduced in both WT (from 4.03 Ϯ 0.4 to 2.76 Ϯ 0.28 nmol/mg protein, n ϭ 6 -7, P Ͻ 0.05) and UCP3
Ϫ/Ϫ (from 3.39 Ϯ 0.3 to 1.46 Ϯ 0.25 nmol/mg protein, Ϫ/Ϫ hearts stained with triphenyltetrazolium chloride and Evan's blue dye depict infarct area (IA) and area at risk (AAR), respectively. UCP3 Ϫ/Ϫ hearts had greater IA than WT hearts following I/R (B), whereas the AAR was comparable in the two groups (C). Thus, the IA to AAR was higher in UCP3 Ϫ/Ϫ hearts (D). Also, UCP3
Ϫ/Ϫ hearts released more troponin I following ischemia and I/R injury (E) as a result of further myocardial necrosis. *P Ͻ 0.05 compared with WT. n ϭ 6, P Ͻ 0.05; Fig. 4A ) hearts. However, the reduction in ATP content in UCP3 Ϫ/Ϫ hearts was more severe than in WT hearts (P Ͻ 0.05), whereas the amount of ATP in both groups was comparable under basal conditions. Also, UCP3 Ϫ/Ϫ hearts had a lower content of ATP after 2 h of reperfusion compared with WT hearts (3.04 Ϯ 0.3 vs. 1.7 Ϯ 0.37 nmol/mg protein, n ϭ 7-9, P Ͻ 0.05). Moreover, the AMP-to-ATP ratio, a marker of metabolic stress, was higher in UCP3 Ϫ/Ϫ hearts than in WT hearts (1.04 Ϯ 0.29 in ischemia, 1.11 Ϯ 0.3 in reperfusion, P Ͻ 0.05; Fig. 4B ). Thus I/R injury caused more severe disruption in myocardial energetics in UCP3 Ϫ/Ϫ hearts than in WT hearts.
Metabolic response to I/R was also evaluated by determining AMP-activated protein kinase (AMPK) activity in myocardium. In the perfused heart, I/R resulted in activation of AMPK in WT hearts as evidenced by an increase in phosphorylation of Thr 172 of the ␣-subunit of AMPK. Under nonischemic conditions, AMPK was activated in UCP3 Ϫ/Ϫ hearts to the same level as WT hearts at the end of I/R, suggesting the presence of metabolic stress under basal conditions. However, I/R did not result in further activation of AMPK in the UCP3 Ϫ/Ϫ hearts despite the greater increase in the AMP-to-ATP ratio. In contrast to the altered I/R-induced activation pattern of AMPK in UCP3 Ϫ/Ϫ hearts, phosphorylation of Thr 308 of protein kinase B was similar in WT and UCP3 Ϫ/Ϫ hearts. Because mitochondria generate the majority of ROS in the cell, an excessive ROS production causes significant damage to cellular proteins, lipids, and nucleic acids. The levels of ROS generation at baseline and during I/R stress were measured in UCP3 Ϫ/Ϫ hearts compared with WT. In keeping with prior reports of the effects of UCPs (3), the baseline ROS generation was found to be significantly higher in UCP3 Ϫ/Ϫ hearts compared with WT hearts based on LDCL measurement (n ϭ 6, heart is associated with increased ROS generation.
Pharmacological uncoupling preserves LV contractile function in I/R. Previous studies have demonstrated that pharmacological uncoupling improves postischemic recovery of contractile function in WT hearts (30) . The efficacy of the pharmacological mitochondrial uncoupler FCCP was used in isolated perfused UCP3
Ϫ/Ϫ hearts to test our hypothesis that it is the uncoupling property of UCP3 that is important for its role Fig. 3 . There was a strong trend toward a greater incidence of I/R arrhythmias in UCP3 Ϫ/Ϫ mice compared with WT mice (P ϭ 0.0689; A). Various types of arrhythmia, including atrioventricular block, premature ventricular contractions, couplets, triplets, nonsustained ventricular tachycardia, and idioventricular rhythm, were observed during I/R injury (A). The heart rate response to I/R stress was blunted in UCP3 Ϫ/Ϫ mice compared with WT mice (B). Thus, both impulse conduction and formation are impaired in UCP3 Ϫ/Ϫ hearts. *P Ͻ 0.05 compared with baseline.
in cardioprotection against I/R injury. Hearts were treated with 100 nM FCCP for 5 min, just before 30 min of no-flow global ischemia and 30 min of reperfusion (Fig. 5) . FCCP treatment before I/R injury resulted in better LV functional recovery in UCP3 Ϫ/Ϫ hearts compared with untreated hearts (28.3 Ϯ 4 vs. 14.7 Ϯ 4%, n ϭ 5 in each group, P Ͻ 0.05). Thus pharmacological uncoupling with FCCP in the absence of UCP3 preserves LV contractile function in I/R injury by restoring uncoupling. This further supports the importance of mitochondrial uncoupling in tolerance to I/R injury.
UCP3 plays an active role in IPC. As defined above, the IPC protocol was applied ex vivo in isolated perfused heart to investigate the role of UCP3 in mechanisms of IPC. In WT hearts, myocardial contractile function was significantly improved by IPC when subjected to severe no-flow ischemia (no IPC: 19.7 Ϯ 3.5%, IPC: 37.0 Ϯ 7.2%, n ϭ 6, P ϭ 0.02; Fig. 6A ), as it has been previously demonstrated by others (7). In contrast, there was no improvement in postischemic recovery of myocardial function with IPC in UCP3 Ϫ/Ϫ hearts (no IPC: 17.8 Ϯ 3.7%, IPC: 16.2 Ϯ 2.4%, n ϭ 6, P ϭ 0.35). Thus, LV systolic function following IPC was significantly better in WT hearts compared with UCP3 Ϫ/Ϫ hearts (P ϭ 0.01; Fig. 6A ). In parallel, there was significantly less troponin I released from WT hearts with IPC compared with UCP3 Ϫ/Ϫ hearts (122 Ϯ 16 vs. 566 Ϯ 210 ng/ml, n ϭ 6, P Ͻ 0.05; Fig. 6B ). Myocardial ATP content was also greater with IPC in WT hearts compared with non-IPC (0.82 Ϯ 0.1 vs. 0.53 Ϯ 0.04 nmol/mg protein, n ϭ 5-6, P ϭ 0.01; Fig. 6C ). In contrast, the amount of ATP in UCP3 Ϫ/Ϫ hearts after I/R was not affected by IPC. Thus, the protective efficacy of IPC was abolished in UCP3 Ϫ/Ϫ mice.
DISCUSSION
Mitochondrial ability to respond to oxidative and metabolic stress is critical for cardiomyocyte function and survival. This study demonstrates several novel findings regarding the vital role of mitochondrial UCP3 in effective mitochondrial responses to I/R stress and cardioprotection. Our results show that mitochondrial UCP3 plays an essential cardioprotective role in I/R injury by preserving myocardial contractility and limiting infarct size and myocardial necrosis in addition to decreasing the incidence of arrhythmias. Also, we demonstrate that the IPC phenomenon requires the presence of UCP3. The activation of UCP3 during I/R improves the cardiac energetic status by maintaining the high-energy phosphate content of the heart and modulating ROS generation. This establishes that the UCP3-regulated physiological H ϩ leak during oxidative stress is a cardioprotective phenomenon. We present the first direct evidence that UCP3 plays an essential role in the tolerance to I/R injury in the heart and plays a significant role in IPC.
Mitochondrial inner membrane functional and structural integrity is important for the prevention of detrimental I/R injury and postischemic recovery of contractile function. I/R leads to cardiac contractile and electrical dysfunction by altering mitochondrial bioenergetics, ionic homeostasis, and ROS generation, which are ultimately controlled by inner mitochondrial membrane proteins and electrochemical gradients. Thus, modulation of inner membrane function has a direct impact on Ϫ/Ϫ hearts. The myocardial content of ATP in I/R injury was significantly reduced in both WT and UCP3 Ϫ/Ϫ hearts, whereas the decline in ATP production was more severe in UCP3
Ϫ/Ϫ hearts than in WT hearts (A). Consequently, metabolic stress, as reflected by the AMP-to-ATP ratio, was significantly higher in UCP3 Ϫ/Ϫ hearts than in WT hearts (B). Following 20 min of ischemia, UCP3 Ϫ/Ϫ hearts produced more ROS in the myocardium as shown by higher lucigenin-derived chemiluminescence (LDCL; C). RLU, relative light units. *P Ͻ 0.05 compared with WT. †P Ͻ 0.05 compared with control. cellular tolerance to oxidative or metabolic stress. As a mitochondrial integral inner membrane protein, UCP3 is responsible for this modulatory function.
Our findings demonstrate that activation of UCP3 is associated with myopreservation against I/R by maintaining myocardial energetic and reducing ROS generation. Uncoupling by endogenous UCP3 or a pharmacological agent is an essential component of cardioprotection during oxidative stress, since pharmacological uncoupling with FCCP demonstrated similar myopreservation in hearts lacking UCP3. This suggests that mild to moderate uncoupling in cardiomyocytes by UCP3 or FCCP prevents excessive ROS generation and therefore preserves ATP level. Accordingly, studies both in the brain and liver demonstrate that UCPs contribute to tissue protection against a variety of stressors that can increase ROS production (4, 12, 18) . This indicates that UCPs are ultimate regulators of mitochondrial ROS production by modulating the inner mitochondrial membrane potential. UCPs have also been shown to protect against exogenous oxidant stress in cardiomyocytes (37) .
In the present study, the direct role of the UCPs in cardioprotection was evaluated; however, the additional influence of free fatty acids on that function was not specifically determined. It is well established that free fatty acids can activate UCPs and mediate mitochondrial uncoupling independently (13, 16, 20, 38) . During the stress of in vivo myocardial ischemia and infarction, circulating free fatty acid concentrations increase and could therefore potentially increase mitochondrial uncoupling, which could have a potential protective effect. Although the present ex vivo perfused heart studies were performed at relatively low concentrations of oleate, the in vivo studies would recapitulate the metabolic conditions present during myocardial ischemia and infarction in humans and demonstrate that, in the setting of increased free fatty acid concentrations, UCPs are necessary for myocardial protection. Although there may be increased uncoupling at higher free fatty acid concentrations, any beneficial effects of that coupling are likely offset by the deleterious effects of high free fatty acid concentrations on matching glycolysis and glucose oxidation, resulting in impaired postischemic functional recovery (25, 26) .
While the present study demonstrates the importance of UCP3 in protecting against I/R injury in the mouse heart, UCP2 did not play a functionally significant role. Although prior studies have shown that UCP2 provides tissue-and cell-specific cytoprotection during ischemia, these studies have relied on overexpression of UCP2 to demonstrate the protective effects of this UCP (27, 36, 37) . Some studies suggested that overexpression of UCPs may alter mitochondrial structure, resulting in changes in proton conductance that are independent of actual UCP function (11, 36) . In addition, the absolute level of UCP2 transcript in the mouse heart is fivefold lower than UCP3 mRNA, supporting the notion that UCP3 plays a more significant role in cardioprotection in the mouse heart (2). Indeed, UCPs are tissue-and species-specific proteins with different functional importance in rat and mice heart tissue (2). As a result, our findings do not support the results of a study that showed that chronic hypobaric hypoxia for 7 days in rat heart was found to be associated with a reduction in left ventricular UCP3 gene expression (15) . Although species and experimental settings are different in both studies, UCP3 is selectively more prominent in mouse heart, but UCP2 has more functional importance in rat heart.
Arrhythmias are one of the major determinants of survival during acute or chronic ischemic myocardial insult. Here we demonstrate that UCP3 expression is required to prevent I/R arrhythmias in addition to preventing myocyte necrosis and contractile dysfunction. This suggests the potential role of mitochondria-driven cardiomyocyte energetics and metabolism in the genesis of arrhythmias. Recently, it has been shown that the stability of the inner mitochondrial membrane potential in the postischemic heart is critical for restoration of electrical activity and suppression of reperfusion arrhythmias (1). Our finding supports this concept by demonstrating that UCP3-mediated mitochondrial inner membrane stability, which is also reflected by the ROS and ATP generation, is important for prevention of I/R arrhythmias. Also, impaired impulse formation with the blunted heart rate response to I/R stress in UCP3 Ϫ/Ϫ heart is likely mediated with vagal stimulation and disrupted mitochondrial function (21) . Probably, the higher incidence of I/R arrhythmias in UCP3 Ϫ/Ϫ hearts is associated with alterations in the inner mitochondrial membrane potential, increased ROS generation, impaired mitochondrial energetics, and enhanced myocyte damage. Thus modulation of the electrochemical gradient in I/R by altering UCP expression or function may have important implications for the prevention of postischemic arrhythmias.
It is known that mitochondria play a major role in IPC (7, 8, 30, 32) . However, the exact mitochondrial component and the mechanisms of the IPC are still controversial. In this study, we demonstrate that endogenous UCP3 is an important regulator of IPC, since preconditioning was completely abolished in UCP3 Ϫ/Ϫ hearts. Maintenance of cellular high-energy phosphate stores and modulation of ROS generation by UCP3 during I/R injury are essential for the IPC phenomenon. Thus, UCP3 is an essential mitochondrial component of the mechanism of IPC.
In conclusion, UCP3 plays a critical role in cardioprotection during oxidative stress by preventing myocardial necrosis, contractile dysfunction, and arrhythmias during I/R injury while maintaining myocardial high-energy phosphates and suppressing detrimental ROS generation. UCP3 functions as a modulator of oxidative or metabolic stress in the heart. Stabilization of the mitochondrial inner membrane function by UCP3 may have important implications for myopreservation in the setting of I/R injury. Based on these findings, overexpression of UCP3 or pharmacological uncoupling may represent novel therapeutic strategies for cardioprotection against I/R injury.
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